Intrinsic positive end-expiratory pressure (PEEP) and gas trapping are recognised hazards during ventilation of patients with airflow obstruction. Demonstration of these phenomena on conventional lung models using realistic ventilation settings is difficult. We describe an Intrinsic PEEP Model that is able to demonstrate dynamic gas trapping and intrinsic PEEP at realistic ventilation settings, and demonstrate its ability to develop intrinsic PEEP in a timeframe useful for teaching. The model uses a Heimlich valve to permit a lower resistance on inspiration than expiration. The model was tested using a series of typical ventilation settings which, when applied in a clinical setting on patients with airflow obstruction issues, would result in prolonged low expiratory flow and the development of intrinsic PEEP of 10 to 20 cmH 2 O, and ultimately significant gas trapping. The IPM can be used to demonstrate this effect and the ventilator adjustments required to minimise these problems.
Intermittent positive pressure ventilation is commonly taught during intensive care and anaesthesia education sessions, often using a ventilator and a range of lung models 1 . An assortment of commercially constructed lungs are available, ranging from simple single-chamber lungs to more elaborate multi-compartment models. The basic varieties allow specification of a fixed compliance and constant resistance, with options for gas leak. Some devices also allow spontaneous respiration to be mimicked (Quicklung®, IngMar Medical, Pittsburgh, PA, USA, and SmartLung™, Imtmedical ag Buchs [SG], Switzerland). The simpler models cost approximately A$1,000 to A$1,500 and have reasonable longevity.
The simple single-chamber bellows model has a constant resistance created through a fixed, narrowed orifice and a constant linear compliance. At normal lung settings, these models can demonstrate the effect of changes in compliance and inspiratory resistance on inspiratory pressures. However, with these models inspiratory resistance is identical to the expiratory resistance; demonstration of gas trapping consequently (and resultant intrinsic positive end-expiratory pressure [PEEP] ) is problematic. In vivo, the resistance varies between inspiration and expiration, and is dependent upon several factors 2 . Thus, a constant resistor for inspiration and expiration is unlikely to demonstrate gas trapping and intrinsic PEEP unless an unrealistic combination of prolonged inspiratory flow time, additional inspiratory pause time, shortened expiratory time, high respiratory rates, large tidal volumes and high inspiratory pressures are set.
To more closely reproduce the conditions seen in patients with airway disease resulting in airflow obstruction, we developed a model that had differential inspiratory and expiratory resistances, using a one-way Heimlich valve, and then tested this with a variety of ventilator settings.
Method

Construction
The model was constructed from material available as standard stock in an intensive care unit (ICU) or anaesthetic department (see Figure 1 , next page).
Materials a. A disposable Heimlich valve and connection (normally
used as an alternative to underwater seal drains for intrapleural drainage); b. three × 3.0 mm endotracheal tubes (ETTs); c. gate valve (from an intravenous giving set); d. three × three-way Y-connectors (normally used for intercostal and surgical drains); e. a 3 cm length of a 9.0 mm ETT and standard connector; f. a 15 mm elbow connector with sampling port; g. cut pieces of oxygen tubing to seal connections; h. silicone glue and tape.
Design
A model was constructed to allow inspiratory flow via two
parallel pathways: a. Pathway 1 was made using a Heimlich one-way valve, which allows inspiratory gas flow but effectively prevents outward flow of gas. b. Pathway 2 is constructed from a series of two paediatric ETTs (3.0 mm). In the model shown, the third ETT has had an occluding clip installed and is running parallel with the second 3.0 mm ETT, providing a potential dual pathway. This allows for variation in resistance. In our testing, this pathway was always occluded. c. For exhalation, only pathway 2 is available. 2. Connection of the tubes: a. A 9.0 mm ETT with a standard 15 mm connector, cut to 3 cm, was connected to a large Y-connector. b. One arm of the Y-connector was attached to the soft silicone tube of the proximal end of the Heimlich valve. c. The other arm was connected to the 3.0 mm ETT of pathway 2. The ETT connections were secured to the Y pieces using short (3 to 5 cm) pieces of oxygen tubing.
d. The distal end of the Heimlich valve was connected to a standard 15 mm elbow with a sampling port. e. The sampling port was connected to the distal end of pathway two using a short piece of oxygen tubing. These joins were all sealed with silicone glue and/or tape.
Testing
Testing of the Intrinsic PEEP Model (IPM) was performed using a Hamilton-G5 Ventilator (Hamilton Medical, Bondaduz, Switzerland) and a standard Quicklung lung model. The ventilator was connected by standard ventilator tubing to the IPM, which was in turn connected to the Quicklung.
The model was tested using the synchronised controlled mandatory ventilation (S-CMV) mode on the Hamilton ventilator. This is a volume-regulated assist-control mode, but as there was no patient interaction, this is the equivalent of any volume mode. A range of tidal volumes (360, 420 and 480 ml) with respiratory rates of 10, 14 and 18 / minute were tested. Two Quicklung preset resistances (20 and 50 cmH 2 O/l/s) were used. Initial testing was with an inspiratory:expiratory (I:E) ratio of 1:2, then an I:E ratio of 1:3 with no inspiratory pause and with zero PEEP. Once set up, the system was run for a minimum of one minute on each setting prior to pressure analysis. A second series using the same system was performed using a pressure-controlled mode (P-CMV), with pressures rather than volumes being altered. Driving pressures of 20, 25, 30, and 35 cmH 2 O were used with respiratory rates of 10, 14 and 18 /minute.
One minute after starting, the expiratory time constant (RCexp or the resistance × compliance) and the peak airway pressure were recorded. The plateau (or pause) pressure (reflecting the maximum alveolar pressure) was measured using the inspiratory hold function (Insp hold) of the ventilator, and the result recorded. The lung was then disconnected, fully deflated and reconnected. Each measurement was repeated four times, and the average of all five values was taken. The same procedure was repeated for the intrinsic PEEP measurements, using the expiratory hold function (Exp hold) to measure the end-expiratory alveolar pressure or total PEEP.
Results
The results for the volume-controlled ventilation are displayed in Tables 1 to 4 .
After one minute on the settings outlined above, intrinsic PEEP >10 cmH 2 O and plateau pressures higher than 20 cmH 2 O were common. The RCexp varied with the different settings. With increases in rate, increases in tidal volume and with an increased I:E ratio, the inspiratory hold rose, reflecting a rise in end-inspiratory lung volume from increased gas trapping, and the expiratory hold also rose. The inspiratory hold pressure was considered to reflect the alveolar pressure. The expiratory hold pressure was considered to reflect the intrinsic PEEP. By extending the expiratory time (decreasing the I:E ratio) the level of both intrinsic PEEP and the alveolar pressure were reduced.
The results for testing using pressure-controlled ventilation using the same two resistance settings are in Table 5 . Table 3 Results for volume-controlled mode with resistance of 20 cmH 2 The presence of intrinsic PEEP could be demonstrated using the inspiratory hold (or pause), as shown in Figure 2 , demonstrating that the total PEEP is greater than zero; in the example shown, 11 cmH 2 O.
Discussion
Ventilation in patients with airflow obstruction (for example asthma and chronic obstructive pulmonary disease [COPD]), is complex, and standard mechanical ventilation techniques used for critically ill patients can cause problems 3, 4 . The Australian and New Zealand College of Anaesthetists (ANZCA) guideline for continuing professional development requirements includes the need to "explain ventilation strategies, including need to recognise life-threatening auto-PEEP" 5 . Auto-PEEP and gas trapping can be conceptually challenging when explained, and visual demonstration can aid in understanding these phenomena. The lung models available in most anaesthesia departments and ICUs are confined to test lungs, and slightly more sophisticated singlechamber bellow lungs, such as the Ingmar Quicklung, or medical SmartLung models. More elaborate lung models are available for simulation, but with acquisition prices ranging from A$75,000 to A$150,000 they are beyond the reach of most departments, with availability confined to high-fidelity simulation centres.
The standard, simple single-compartment lung models demonstrate very limited hysteresis, as inspiratory pressures and volumes do not differ from expiratory measures during monitoring of a dynamic pressure-volume loop. Inspiratory resistance is identical to expiratory resistance, and unless exceedingly high inspiratory pressures (>90 cmH 2 O) are used, gas trapping cannot be demonstrated using typical ventilator parameters. Thus, a suspension of disbelief is required to demonstrate gas trapping, as trainers are required to use settings that would be considered very abnormal, usually a combination of prolonged inspiratory flow time, additional inspiratory pause time, shortened expiratory time, high respiratory rates, and higher tidal volumes along with acceptance of excessively high inspiratory pressures.
The IPM was designed to be used with a standard lung model to visually demonstrate dynamic gas trapping during teaching sessions. The IPM works by allowing gas to flow through the Heimlich valve on inspiration with relatively low resistance and resultant low peak airway pressures. On expiration, gas is unable to pass back through the Heimlich valve, and is forced down the expiratory pathway/s. This results in increased resistance, decreased gas flow and, in most circumstances, significant gas trapping. The gas trapping can be reduced by appropriate extension of expiratory time, as demonstrated by the change of I:E ratio from 1:2 to 1:3, or by slowing the respiratory rate. Even if we ignore the natural hysteresis of the lung, in patients with small airway disease the resistance to outward flow of gas from the lung during expiration is increased, as partial collapse of the small airways occurs 2 . This partial collapse increases resistance and potentiates gas trapping. The IPM lung mimics this increased resistance, albeit imperfectly. The presence of high expiratory resistance can be seen in prolonged expiratory flow, and when an expiratory hold is applied the intrinsic PEEP can be measured (Figure 2 ). Trainees can then manipulate ventilator settings to see the effect on gas trapping and intrinsic PEEP.
Our results can demonstrate realistic gas trapping after about one minute, with a rise in both plateau and auto-PEEP levels on settings that could reasonably be used for an acute asthmatic or a COPD patient.
In our testing process, pressure values were obtained one minute after setting changes. While in clinical settings, significant gas trapping may take substantially longer to develop, in a simulation or teaching scenario a one-minute onset time is both convenient and efficient. For teaching purposes, this allowed for practical demonstration using multiple settings during a 20 to 40 minute tutorial session.
We chose to test the model using zero PEEP, as the addition of extrinsic PEEP in severe airway obstruction may be detrimental and the total PEEP may differ 6, 7 . The addition of moderate PEEP did not change the overall effect of the model. The expiratory time constant may be used to derive the plateau pressure, compliance and total resistance during passive deflation of the lungs 8 . As this compares favourably to the traditional end pressure measurements as a method of determining these values for patients with acute respiratory failure, we recorded the expiratory time constant 8 . All pressure measurements were made using the traditional endinspiratory and end-expiratory pause methods.
Elaborate and expensive models using multiple compartment modelling can provide excellent demonstration of the phenomena of gas trapping and lung collapse. However, where access to these models is limited, the IPM can be easily constructed from material readily available in any ICU or anaesthetic department. Material costs are estimated at under A$100 and are largely dependent upon the cost of the Heimlich valve.
Summary
Demonstration of intrinsic PEEP using a conventional lung model and realistic ventilation settings is difficult. Demonstration of gas trapping on the standard lung model requires either high ventilation rates, prolonged inspiratory time, or the acceptance of extremely high inspiratory pressures. We describe a lung model that can be easily and reliably constructed using materials readily available in the ICU. This model allows the use of realistic ventilator settings and can demonstrate gas trapping and levels of intrinsic PEEP that, in a patient, could cause both respiratory and cardiovascular compromise.
